ABSTRACT
INTRODUCTION
In fetal growth restriction (FGR), Doppler ultrasound examination can be used to distinguish between fetuses that are at risk of adverse perinatal outcome and those that are constitutionally small. Current FGR guidelines recommend umbilical artery (UA) Doppler as an important surveillance tool [1] [2] [3] , since its clinical effectiveness in high-risk pregnancies has been reported in a Cochrane review of 18 randomized controlled trials 4 . Fetal middle cerebral artery (MCA) Doppler has been proposed as an additional test to UA Doppler. Decreased impedance in the MCA is considered the 'brain-sparing' effect; a manifestation of redistribution of the fetal circulation and possibly a sign of compromise. A systematic review of MCA Doppler reported limited summary likelihood ratios for predicting adverse perinatal outcome 5 . The cerebroplacental ratio (CPR) is calculated as the ratio of MCA to UA Doppler, and has been hypothesized to be more accurate than its individual components 6 . An association with adverse perinatal outcome has been the focus of several literature reviews [7] [8] [9] [10] . CPR and MCA Doppler in FGR are gradually becoming integrated into clinical practice and international guidelines 1, 3, 11 , but reported estimates of their accuracy vary considerably.
We conducted a systematic review and meta-analysis of published studies on the prognostic accuracy of CPR and MCA Doppler compared with UA Doppler in the prediction of adverse perinatal outcome, in order to identify whether CPR and MCA Doppler evaluation are of added value to UA Doppler.
METHODS

Search strategy and selection criteria
This systematic review is described in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement (www .prisma-statement.org). The protocol for this systematic review was registered in the PROSPERO database (CRD42016039915).
A comprehensive search of PubMed, EMBASE, the Cochrane Library (via Wiley) and ClinicalTrials.gov was performed from inception to June 14 th 2016, in collaboration with a medical librarian. Search terms included controlled terms (MeSH in PubMed, Emtree in EMBASE) as well as free-text terms (Cochrane Library only). The following terms were used as index terms or free-text words (including synonyms and closely related words): ('pregnancy' or 'fetus') and ('middle cerebral artery' or 'CPR' or 'brain sparing'). The full search strategies for all the databases can be found in Appendix S1. Duplicate articles were excluded and reference lists of included articles and previous reviews scanned for further eligible articles. Articles were not filtered based on language.
We searched for studies that assessed the prognostic accuracy of UA Doppler compared with CPR and/or MCA Doppler in women with a singleton pregnancy of any risk profile, without known chromosomal or structural abnormalities. Studies were eligible if they reported on the association between Doppler indices and at least one of the following adverse perinatal outcomes: perinatal death, 5-min Apgar score < 7, acidosis on cord blood gas analysis, abnormal cardiotocogram, emergency delivery for fetal distress, meconium-stained fluid, need for assisted respiration after birth, need for resuscitation, admission to the neonatal intensive care unit (NICU) or neonatal unit, serious neonatal morbidity (e.g. necrotizing enterocolitis, sepsis, respiratory distress syndrome), neurological outcomes, ultrasound-detected neonatal intracranial abnormalities, a composite of adverse outcomes (as defined in the included studies) or birth weight (BW) < 10 th percentile. In cases of multiple publications from one study group, we included the data reporting on the largest study group. Studies reporting on UA Doppler but not on MCA Doppler or CPR were excluded, as were review articles and case reports.
Data extraction and quality assessment
Two reviewers (C.A.V. and M.A.B.) independently assessed titles and abstracts of all search results. Full reports of studies considered potentially eligible by at least one of the reviewers were obtained. The same two reviewers (C.A.V. and M.A.B.) assessed the full reports for inclusion and extracted data. In case of doubt, other reviewers were consulted (C.J.B., B.W.J.M. or C.J.M.G.).
From each included study report, we identified the first author, country, journal, year of publication, recruitment setting, sample size and characteristics of included patients (age, gestational age at test and at delivery, fetal growth and gestational hypertensive disorders). We extracted data on the index test (including Doppler index, and threshold and reference values), targeted outcomes, accuracy estimates and data for 2 × 2 tables. Whenever UA Doppler results were presented, we also extracted data for 2 × 2 tables. Risk of bias and concerns about applicability were assessed by two authors (C.A.V. and C.J.B.) with the QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies-2) tool 12 .
Statistical analysis
Meta-analyses were performed for the outcomes perinatal death, 5-min Apgar score < 7, emergency delivery for fetal distress, NICU admission and composite adverse perinatal outcome (as defined in the included studies). These were selected by consensus, as they are the most homogeneously classified and least subject to ascertainment bias. Owing to variation in thresholds across studies, the hierarchal summary receiver-operating characteristics (HSROC) model of Rutter and Gatsonis 13,14 was used to obtain summary ROC curves of the CPR and MCA Doppler for studies that had evaluated the same target outcome. The HSROC model allows for variation of accuracy and thresholds between studies. One threshold per study was selected to be included in this analysis. If a study reported on more than one threshold, the most commonly
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used Doppler index (i.e. pulsatility index (PI)) and threshold (i.e. for CPR < 1.08 and for MCA Doppler < 2 SD below the mean) were selected. Whenever three or more studies were available, estimates of mean sensitivity and specificity and respective variances at a specific threshold were additionally generated using the bivariate logit-normal model 15 . The prognostic test accuracy of CPR vs MCA Doppler was compared indirectly, using a HSROC meta-regression model by including test type as a covariate. This meta-regression approach was also used to investigate heterogeneity, by adding potential sources of heterogeneity as covariates to the HSROC model. A priori considered covariates were: fetal growth (small-for-gestational age (SGA) and appropriate-for-gestational age (AGA)), duration of pregnancy (preterm and term) and timing of measurement (within 1 week of delivery and more than 1 week from delivery). Preterm delivery was defined as delivery before 37 weeks' gestation. SGA was defined as estimated fetal weight (EFW) or BW < 10 th percentile. The prognostic test accuracies of CPR and MCA Doppler were then compared directly with that of UA Doppler using a HSROC meta-regression model. For this purpose, analyses were restricted to studies that had compared two tests in the same study group, which ensures that differences in accuracy are not caused by heterogeneity in performance across study populations. Review Manager (RevMan) version 5.3 (Cochrane Collaboration, Copenhagen, 2014) was used for data extraction and generating forest plots and summary ROC curves. SAS ® Studio (SAS Institute Inc., Cary, NC, USA) was used for HSROC model analysis and Stata version 14 (StataCorp LP, College Station, TX, USA) for the bivariate models.
RESULTS
Search results
A total of 4689 articles were identified through the electronic search, and four additional articles through cross-referencing ( Figure 1 ). After removing duplicates, the remaining 2972 titles and abstracts were screened, resulting in 578 potentially eligible articles. Of these, 450 articles could not be included, for reasons listed in Figure 1 . This resulted in 128 studies (involving 47 748 women) being included (Appendix S2), of which 52 studies evaluated CPR only, 48 studies MCA Doppler only and 28 studies both CPR and MCA Doppler.
Characteristics of included studies
Detailed characteristics of the included studies are provided in Table S1 . Data had been prospectively collected in 73 studies (57%), retrospectively in 25 studies (20%), and by unclear methods in 30 studies (23%). The number of patients included in the different studies ranged from 19 to 9198. Mean or median maternal age ranged from 23.0 to 37.7 years. Definitions of FGR varied, ranging from EFW < 3 rd percentile with abnormal UA Doppler to BW < 10 th percentile. For this review, we combined these definitions into SGA. Most studies investigated SGA fetuses (65 studies, 51%), while 15 studies (12%) investigated only AGA fetuses. In most studies, gestational age at examination was unknown or there was a range of gestational ages (78 studies, 61%), preterm pregnancies were investigated in 28 studies (22%) and term pregnancies were investigated in 22 (17%) studies.
Quality of included studies
Results of the QUADAS-2 assessment are provided in Appendix S3. Risk of bias or suboptimal reporting was detected in 120/128 studies (94%). The interval between index test and outcome was often larger than 1 week (53 studies (41%)) or unclear (37 studies (29%)). Methods for patient selection were also often unclear (36 studies (28%)). In 64 studies (50%) it was unclear whether the obstetrician was blinded to the test results, and in 30 studies (23%) they were not blinded; nine of these described if and how an abnormal test result influenced obstetric decision-making.
Meta-analysis and indirect comparisons of CPR and MCA Doppler
For the meta-analysis, we could include 106/128 studies assessing one of the five primary outcomes defined in the Methods section. In Figure 2 , summary curves of all included studies estimated with the HSROC model are shown for CPR and MCA Doppler for the outcomes perinatal death, 5-min Apgar score < 7, emergency delivery for fetal distress, NICU admission and composite adverse perinatal outcomes (as defined in the included studies). Forest plots of all other outcomes can be found in Figure  S1 . Clearly observable is the large variation in sensitivity and specificity. For perinatal death, the CPR was evaluated in 25 studies (298/8003 patients) and MCA Doppler in 28 studies (326/12 230 patients). For low Apgar score, CPR was evaluated in 28 studies (751/6904 patients) and MCA Doppler in 23 studies (329/12 889 patients). For emergency delivery for fetal distress, CPR was evaluated in 28 studies (3007/15 834 patients), and MCA Doppler in 26 studies (1745/14 171 patients). For NICU admission, CPR was evaluated in 28 studies (1632/5417 patients), and MCA Doppler in 20 studies (695/2224 patients). For composite adverse outcome, CPR was evaluated in 31 studies (1574/5271 patients), and MCA Doppler in 28 studies (1445/5477 patients). In these indirect comparisons, CPR performed better than did MCA Doppler for all outcomes (composite adverse outcome, P < 0.001; perinatal death, P = 0.004; emergency delivery for fetal distress, P = 0.004; and low Apgar score, P = 0.033), except for admission to the NICU (P = 0.761).
Thresholds
The asymmetric shape of the curves in Figure 2 suggests that accuracy varies with threshold. Many different thresholds were used in the studies, of which most were predefined (120 studies, 94%). Some studies used absolute thresholds, while others used percentiles on a reference curve (Appendix S4). Table 1 shows mean sensitivities and specificities, with their confidence and prediction intervals, of CPR and MCA Doppler at thresholds that were assessed in at least three studies for the outcomes perinatal death, 5-min Apgar score < 7, emergency delivery for fetal distress, NICU admission and composite adverse perinatal outcomes (as defined in the included studies). For this purpose, absolute thresholds were grouped from 1.0 to 1.1. The thresholds that could be taken together were CPR-PI 1.0-1.1, CPR resistance index 1.0-1.1, MCA-PI < 2 SD on the reference curve of Mari and Deter 16 , and MCA-PI < 5 th percentile on the reference curve of Arduini and Rizzo 17 . Mean sensitivity of the CPR ranged from 0.55 to 0.93, and mean specificity ranged from 0.63 to 0.91. Mean sensitivity of MCA Doppler ranged from 0.34 to 0.67, and mean specificity ranged from 0.65 to 0.96. Prediction intervals were large, which indicates high between-study variability in sensitivity and specificity, and in thresholds. 
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Heterogeneity between subgroups
We found evidence of heterogeneity (Table S2) in the overall test performance of the CPR related to fetal growth (SGA vs AGA), with only one out of five outcomes showing a statistically significant different accuracy (in favor of AGA). The forest plots ( Figure S1 ) show that, in general, sensitivity is lower and specificity is similar in AGA studies compared with SGA studies. We also found evidence of heterogeneity (Table S2) The CPR was significantly better than UA Doppler in predicting composite adverse outcome (P < 0.001) and emergency delivery for fetal distress (P = 0.003), but comparable with UA Doppler in predicting perinatal death (P = 0.686), low Apgar score (P = 0.595) and NICU admission (P = 0.107). MCA Doppler was significantly worse than UA Doppler in predicting low Apgar score (P = 0.017) and emergency delivery for fetal distress (P = 0.034) and significantly worse than CPR in predicting composite adverse outcome (P < 0.001) and emergency delivery for fetal distress (P = 0.013).
DISCUSSION
Summary of main results
We reviewed systematically studies on the prognostic accuracy of CPR and/or MCA Doppler compared with UA Doppler in predicting adverse perinatal outcome, to ascertain whether CPR and MCA Doppler evaluation are of added value to UA Doppler. Formal quality assessment of the included studies revealed few studies of high quality. We observed a large variation in thresholds used and in reported sensitivities and specificities. In the direct test comparisons, prognostic accuracy of the CPR significantly outperformed that of UA Doppler for emergency delivery for fetal distress and composite adverse outcome, while for the other outcomes CPR was similar to UA Doppler. For all outcomes, sensitivity of CPR appeared to be better than that of UA Doppler. Prognostic accuracy of MCA Doppler was significantly worse than those of UA Doppler and CPR for most outcomes.
Strengths and limitations of the study
The main strength of this review is that its conclusions are based on direct within-study comparisons in a large dataset, which limits confounding. However, several limitations deserve consideration. Subgroup analyses were limited owing to the small number of studies that explicitly described inclusion criteria and heterogeneity in outcome reporting. Almost all included studies were at risk of bias and had suboptimal reporting. Caregivers in almost all studies were aware of the Doppler results, which may have influenced obstetric decision-making. Another concern is that publication bias may have led to overestimation of accuracy. Although no appropriate method exists to quantify publication bias in test accuracy reviews 18 , studies with higher sensitivities and specificities presumably have better chances of being published than those with lower sensitivities and specificities. Furthermore, the optimal test, threshold and outcome may have been reported selectively.
The large differences in test accuracy between studies indicate substantial heterogeneity, for which several sources should be considered. Study populations varied, ranging from early severe FGR to uncomplicated term pregnancies. The frequency of adverse perinatal outcomes also fluctuated. Another source of heterogeneity is the large variety of thresholds used for test positivity across studies. Several methods were used across studies to classify adverse perinatal outcome and we performed a metaanalysis only for those that could be classified homogeneously, aiming to minimize this source of heterogeneity.
Implications for practice
In current practice, the management of FGR is aimed at monitoring fetal condition in order to time optimally induction of delivery. In early FGR (< 32 weeks' gestation), clinical management is guided primarily by Doppler measurements of the UA and ductus venosus 1 . In late FGR (≥ 32 weeks), it has been suggested that CPR and MCA Doppler may be of specific clinical value [8] [9] [10] [11] .
Late-onset FGR is caused by a milder degree of placental insufficiency and is more difficult to distinguish from the constitutionally small fetus. At present, there is a lack of evidence for the optimal timing of delivery in these pregnancies. A randomized clinical trial in women with Figure 3 (Continued) Hierarchal summary receiver-operating characteristics curves and P-values for direct comparisons of prognostic accuracy of cerebroplacental ratio ( ), middle cerebral artery Doppler ( ) and umbilical artery Doppler ( ) for outcomes perinatal death, 5-min Apgar score < 7, emergency delivery (ED) for fetal distress, admission to neonatal intensive care unit (NICU) and composite adverse perinatal outcome (as defined in included studies). Analyses restricted to studies that compared both tests in the same patients. Lines connect pairs of points representing the two tests from each study.
FGR at term indicated that induction of labor is not harmful 19 . A large national cohort study indicated that, for suspected FGR at 37 weeks, expectant management for a further week leads to less mortality than delivery, while continuation of pregnancy after 38 weeks is related to an increased risk, although this trend only reached statistical significance from 40 weeks onwards (relative risk, 2.46 (95% CI, 1.80-3.36)) 20 . This review found that studies investigating CPR and MCA Doppler in late FGR are scarce, and that they evaluated different perinatal outcomes, which precluded a meta-analysis in this specific group. For pregnancies with EFW or BW < 10 th percentile at ≥ 32 weeks, nine studies investigated prognostic accuracy of the CPR and eight that of MCA Doppler. We observed a large variation in accuracy of both the CPR and MCA Doppler and, with the available data, were not able to support the theory that the CPR or MCA Doppler is of particular clinical value in late FGR.
Another clinical role of CPR and MCA Doppler has been suggested in low-risk AGA pregnancy 8 . In this subgroup, we observed predominantly similar prognostic accuracy to that in SGA pregnancies, although sensitivity appeared to decrease. Routinely evaluating CPR or MCA Doppler in a low-risk population with a low prevalence of adverse outcomes would lead to a substantial number of false negatives, and therefore would leave many at-risk fetuses undetected. Moreover, false positives could lead to unnecessary and potentially harmful interventions in this population. Unless the use of CPR or MCA Doppler is validated by clinical trials, we cannot recommend them in this setting.
Implications for research
The reproducibility and interpretation of observational studies on CPR could be improved in the future by using set inclusion criteria, completeness in reporting and by agreeing on standard outcome measures for FGR by consensus 21, 22 . We were unable to analyze the incremental value of combining UA Doppler with CPR, owing to a lack of studies specifically addressing this question. This could be answered by obtaining individual participant data. The logical next step is to evaluate 23 . Only when such studies show a difference in outcome could one conclude that the CPR is of additional value to UA Doppler alone.
Conclusion
This review shows that calculating the CPR with MCA Doppler can improve on the accuracy of UA Doppler assessment in the prediction of adverse perinatal outcome in singleton pregnancies. This may be of particular importance in late FGR, although this could not be demonstrated with the available evidence. Clinical trials are needed to evaluate the effectiveness of the CPR for guiding clinical management in specific subgroups, such as late FGR fetuses.
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Vollgraff Heidweiller-Schreurs et al. (Table A) and of cerebroplacental ratio (Table B) used in included studies for the three different Doppler indices. References for studies that assessed normal ranges are provided.
Appendix S4 Thresholds of middle cerebral artery Doppler
Appendix S5
Reported sensitivities and specificities of middle cerebral artery Doppler (Table A) and cerebroplacental ratio (Table B) in prediction of adverse perinatal outcomes in studies investigating fetal growth restriction or small-for-gestational age at ≥ 32 weeks' gestation. Data are given as sensitivity (95% CI) or specificity (95% CI).
Table S1
Characteristics of 128 studies on prognostic accuracy of umbilical artery Doppler compared to cerebroplacental ratio and/or middle cerebral artery Doppler in prediction of adverse perinatal outcome included in systematic review and meta-analysis Ultrasound Obstet Gynecol 2018; 51: 313-322 Published online 5 February 2018 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/uog.18809. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
Precisión en el pronóstico de resultados perinatales adversos mediante Doppler de la relación cerebroplacentaria y de la arteria cerebral media: revisión sistemática y metaanálisis RESUMEN Objetivo La evaluación ecográfica Doppler de la relación cerebroplacentaria (RCP) y la arteria cerebral media (ACM) se usa ampliamente como complemento del Doppler de la arteria umbilical (AU) para identificar fetos con riesgo de un resultado perinatal adverso. Sin embargo, los informes de las estimaciones de su precisión varían considerablemente. El objetivo de este estudio fue la revisión sistemática de las precisiones en el pronóstico mediante Doppler RCP y ACM para predecir resultados perinatales adversos y compararlas con el Doppler AU, a fin de identificar si la evaluación con Doppler RCP y ACM tiene un valor agregado al del Doppler AU.
Métodos Se realizaron búsquedas en PubMed, EMBASE, Cochrane Library y ClinicalTrials.gov, desde su inicio hasta junio de 2016, respecto a estudios sobre la precisión en el pronóstico del Doppler AU en comparación con Doppler RCP y/o ACM en la predicción de resultados perinatales adversos en embarazos con fetoúnico de cualquier perfil de riesgo. El riesgo de sesgos y preocupaciones sobre la aplicabilidad se evaluó usando la herramienta QUADAS-2 (Evaluación de Calidad de Estudios de Precisión de Diagnósticos-2). Se realizó un metaanálisis respecto a múltiples resultados perinatales adversos. Utilizando modelos de metaregresión jerárquica de resumen de las características operativas del receptor, se comparó indirectamente la precisión del pronóstico del Doppler RCP versus ACM, y de forma directa la del Doppler RCP y ACM versus el Doppler AU.
Resultados La búsqueda identificó 4693 artículos, de los cuales se incluyeron 128 estudios (con 47748 mujeres). Se detectó un riesgo de sesgo o información subóptima en 120 de los 128 estudios (94%) y se encontró heterogeneidad sustancial, lo que limitó los análisis de subgrupos respecto al crecimiento fetal y la edad gestacional. Se observó una gran variación en las sensibilidades y especificidades reportadas, y en los valores umbral utilizados. El Doppler RCP superó al Doppler AU en la predicción de resultados adversos compuestos (tal y como los definen los estudios incluidos) (P <0,001) y del parto de emergencia por sufrimiento fetal (P=0,003), pero fue comparable al Doppler AU para los otros resultados. Los valores del Doppler ACM fueron significativamente peores que los del Doppler AU en la predicción de la puntuación de Apgar baja (P=0,017) y del parto de emergencia por sufrimiento fetal (P=0,034). El Doppler RCP superó al Doppler ACM en la predicción de resultados adversos compuestos (P<0,001) y del parto de emergencia por sufrimiento fetal (P=0,013).
Conclusión El cálculo del Doppler RCP junto con el Doppler ACM puede agregar valor a la evaluación con Doppler UA para la predicción de resultados perinatales adversos en mujeres con embarazo con fetoúnico. Sin embargo, no está claro a qué subgrupo de mujeres embarazadas aplica esto. La efectividad de la RCP para guiar la atención clínica debe ser evaluada mediante pruebas clínicas. 
